The interfacial reactions and joint reliabilities between Sn-9 mass%Zn solder and an electroless nickel-immersion gold (ENIG) plated Cu substrate were investigated during reflow and isothermal aging at temperatures between 343 and 423 K for aging times of up to 2400 h. After reflowing and aging, the intermetallic compound (IMC) formed at the interface was found to be AuZn 3 . No Ni-containing reaction products, such as Ni-Zn, Ni-Sn and Ni 3 P, were observed to form at the interface. The interfacial microstructure and shear strength remained nearly unchanged, irrespective of the reflow time, and the fractures occurred in the solder matrix. In the ball shear tests conducted after aging treatment, the shear strength of the samples decreased during the initial 100 h of aging and then remained constant with prolonged aging. The interfacial reaction between the Sn-Zn solder and the Ni-P plating layer was found to be suppressed by the formation of a layer-type Au-Zn IMC layer, resulting in the desirable interfacial reaction. Compared to the fast interfacial reaction between the Sn-9Zn solder and Cu substrate, the Sn-9Zn/ ENIG solder joint was considered to have a superior joint reliability.
Introduction
The draft European Union RoHS (Restriction of Hazardous Substances in Electrical and Electronic Equipment) Directive will ban lead (Pb) from all new electronic consumer products sold in Europe starting in July 2006. Therefore, the pursuit of Pb-free solder has become an important issue for electronic material research, and has led to extensive research and development work. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Many different solder alloys have been proposed as potential Pbfree solders and the most promising of these falls into the category of the Sn-Ag, Sn-Ag-Cu and Sn-Cu family of alloys. 13, 14) Recently, compared with Sn-Ag solders, Sn-Zn solders have been highly recommended as a substitute for eutectic Sn-Pb solder due to their low melting point, excellent mechanical properties and low cost. 9, 12) Eutectic Sn-9 mass%Zn solder has a melting temperature (471 K) which is relatively close to that of eutectic Sn-Pb solder (456 K), and this has enabled industries to use this alloy without having to replace their existing manufacturing lines or electronic components. 11, 12) Nevertheless, there are several problems that need to be addressed in order to increase the practical use of this solder alloy, such as its inferior wettability, easy oxidation, micro-void formation and low reliability. 9, 11) Copper is widely used in the under bump metallurgy and substrate metallization for flip-chip and BGA applications. It is known that at the Cu/solder interface, Sn (Zn for Sn-Zn solders) reacts rapidly with Cu to form the Cu-Sn (Cu-Zn for Sn-Zn solders) intermetallic compound (IMC), which weakens the solder joints, due to the brittle nature of this IMC. 10, 15) Therefore, Ni is used as a diffusion barrier layer to prevent the rapid interfacial reaction between the solder and Cu layer in electronic devices. 7) Many studies have been performed on the interfacial reaction between Sn-Zn solders and the various surface finish layers (Cu, Au/Ni/Cu and electroless Nickel-immersion Gold [ENIG]) during reflow or aging. [8] [9] [10] [11] [12] [16] [17] [18] [19] According to these previous studies, 10, 20) unlike the general reaction layer formed in a Sn-base solder (solder without Zn), stable binary Cu-Zn, Au-Zn, and Ni-Zn IMCs are formed between the Sn-Zn solder and various substrates. Nevertheless, our knowledge of the mechanical properties and joint reliabilities of Sn-Zn solder joints is still insufficient.
This study focused on the interfacial reaction between eutectic Sn-9Zn solder and an ENIG plated Cu BGA substrate during reflow and isothermal long-term aging. In addition, the mechanical reliability of the joints was investigated by means of the ball shear test.
Experimental Procedures
The BGA solder used in this study was a eutectic Sn-9 mass%Zn solder alloy with a diameter of 500 mm. The substrate was a FR-4 with subsurface solder bond pads which had a circular opening diameter of 460 mm. The pad was constructed by electroless-plating an Au (0.15 mm)/Ni-P (7 mm) layer onto the underlying Cu pad. The electroless Ni-P layer contained approximately 15 at% P and had an amorphous structure.
7) The process of electroless Ni-P plating deposits a mixture of Ni and P on the Cu pad, because of the use of hypophosphite in the chemical reaction used to reduce the Ni ions. The Sn-Zn solder balls were bonded to the pads in a reflow process employing rosin mildly activated (RMA)-type flux in a reflow machine (SAT-5100 þ profile temperature raise heater, Rhesca Co. Ltd.) for different holding times ranging from 1 s to 120 min at 503 K. The holding time refers to the duration for which the samples were held at the peak temperature (503 K) in the reflow process. After the reflow process, the samples were cooled to room temperature, and each BGA solder joint was cleaned with isopropyl alcohol (IPA). In the high temperature storage (HTS) test, samples reflowed for 1 s were subjected to an aging test, in which they were kept in an oven maintained at a constant temperature. Four different kinds of aging temperatures, 343, 373, 393 and 423 K, were used in this study. The temperature homogeneity for each oven was less than AE1 K. The aging times ranged between 24 and 2400 h. After the reflow and aging treatment, the samples were prepared for observation of the cross-section of the IMC formed at the interface. Common metallographic practices were used to prepare the samples. An etchant consisting of 95% C 2 H 5 OH-4% HNO 3 -1% HCl was used to reveal the cross-sectional microstructure. The microstructures and chemical compositions were observed with a scanning electron microscope (SEM, Philips XL 40 FEG and/or HITACHI S-3000H) equipped with an energy dispersive X-ray (EDX). Also, the compositions of the phases formed at the interface were determined by means of a JEOL JXA-8900R electron probe micro analyzer (EPMA) with a wavelength dispersive X-ray (WDX) and a transmission electron microscope (TEM). The TEM sample was prepared by means of a microtome. Ball shear tests were also performed on the reflowed and aged samples using a shear tester (PTR-1000, Rhesca Co. Ltd.). A shear tool height of 50 mm and shear speed of 200 mm/s were used. The average strength of twenty solder balls with the minimum and maximum values removed was taken for each condition. After ball shear testing, the fracture surfaces were investigated thoroughly by SEM as well as EDX. Figure 1 shows the SEM images of the Sn-9Zn/ENIG interfaces reflowed at 503 K for different reaction times. As shown in Fig. 1 , the microstructure of the solder after reflow consisted of a -Sn matrix (gray phase) and fine rod-shaped Zn precipitates (black phase), with no Cu-Zn or Cu-Sn IMCs. The black rod-shaped phase was originally Zn precipitate. During sample preparation, the Zn phase was etched away. Generally, the Au/Ni-P/Cu substrate has been used for the metallization in BGA and flip-chip applications. The Au and Ni layers are used as a wetting layer and diffusion barrier layer, respectively. It is known that Au dissolves quickly into the solder matrix, and that is followed by the formation of Ni 3 Sn 4 IMC at the interface during reflow with Sn-Pb and Sn-Ag solders. 21, 22) However, the interfacial reaction between the Sn-9Zn solder and Au/Ni-P/Cu substrate was found to differ from that which occurs in the case of Sn-Pb and Sn-Ag solders. As shown in Fig. 1 , Au did not dissolve into the solder. Instead, due to the fast reaction of Au and Zn, an Au-Zn phase formed at the interface. Because Au and Zn were detected in the interfacial reaction layer by both the EDX (SEM) and WDX (EPMA) quantitative analyses, the reaction product is thought to be an IMC composed of Au and Zn. Figure 2 shows the EPMA line profile results for the Sn-9Zn/ENIG interface reflowed at 503 K for 1 s. The EPMA line profile was performed along the interface of Fig. 1(a) . However, because the interfacial reaction layer was very thin, its chemical composition could not be exactly determined by SEM and EPMA analyses. Therefore, TEM observation was carried out. Figure 3 shows the TEM image of the Sn-9Zn/ENIG interfaces reflowed at 503 K for 1 s. Unfortunately, we could not obtain an entire TEM image containing the substrate, due to the delamination which occurred between the Au-Zn IMC layer and Ni-P plating layer, as shown in Fig. 1(a) . The occurrence of this delamination is presumably due to the mismatch in the coefficients of thermal expansion between the Au-Zn IMC layer and Ni-P plating layer. 9) Therefore, the IMC and solder layers detached from the Ni-P plating layer during sectioning by the microtome. From TEM observation and EDX quantitative analysis, the reaction product was identified as AuZn 3 IMC. The chemical composition of the layer was 22.3 at% Au and 77.7 at% Zn. Similar results have been observed in previous studies. 9, 11) However, this result differs from that reported in other study. 23) Hwang et al. studied the interfacial reaction between Sn-8Zn-3Bi solder and Au(0.1 mm)/Ni-8 mass%P plating layer at reflow temperature of 513 K, and reported that only a thin AuZn layer formed at the interface. 23) They identified the layer by using micro-diffraction pattern. In addition, they expected that the reaction between Sn-Zn solder and Au/Ni-P plating depends both on the thickness of the Au plating layer and on the reaction condition. However, they did not report the chemical composition of the interfacial product layer. Also, we did not know the reflow time used in their study.
Results and Discussion
23) The differences between experimental method used in this study and that used in their study are reflow temperature, solder alloy and the thickness of the Au layer. In this study, a detailed identification of the phase formed at the interface is still ongoing.
Up to the reflow time of 10 min, the thickness of the AuZn layer did not vary as a function of the reflow time. After reflow for 60 min, however, the IMC coalesced and detached from the Ni-P plating layer, as shown in Fig. 1(e) . When the reflow time was extended to 120 min, a discrete IMC layer was observed on the substrate, as shown in Fig. 1(f) . According to the EDX analysis, the IMC layer was composed of 26.2 Au, 29.3 Zn, 26.2 Sn and 18.3 Ni (in at%) (see Fig. 4 ). The exact clarification for this phase is not clear at this point. More studies are needed to verify the composition and structure of this phase. The reflow time over 10 min for industrial applications needs not to be performed in real situation. But in this study, we used up to 120 min. The main purpose of using this unrealistic reflow time is to investigate the existence of reaction between Ni and Zn. And, another reason is to ensure that the reaction products are thick enough for subsequent analyses. However, no Ni-containing IMCs, such as Ni-Zn and Ni-Sn IMCs, were formed at the interface in this study. This implies that the AuZn 3 IMC layer prevents the interfacial reaction between the Sn-9Zn solder and the Ni-P/Cu substrate and precludes the formation of Ni-Zn IMCs during the reflow reaction. Ball shear tests were performed to evaluate the effect of the interfacial reactions on the reliability of the solder joints as a function of the reflow time. Figure 5 shows the variation in the shear strength of the Sn-9Zn/ENIG joints with reflow time. The shear strength remained nearly unchanged as a function of the reflow time used in this study. The shear strengths had a similar value of about 10.3 N, and the fractures always occurred in the bulk solder. The result of the shear test indicated that the shear strength of the Sn-9Zn/ ENIG solder joint during the reflow reaction was not significantly related to either the interfacial reaction or the delamination between the Au-Zn IMC layer and Ni-P plating layer, as shown in Fig. 1 . Figure 6 shows the cross-sectional SEM images of the Sn9Zn solder/ENIG interfaces aged at 423 K for various times. In this study, according to the results of the EPMA and EDX analyses, only the Au-Zn IMC layer was observed in the samples aged at 423 K. These IMC layers were composed of 18-27 at%Au and 73-82 at%Zn. In the case of the sample aged for 2400 h, the interfacial structure was similar to that of the sample aged for 1000 h. However, this result differs from those reported in other studies, 10, 24) in which AuZn The discrepancy between these results may be due to the differences in the reflow profile, solder alloy and/or surface finish used. Figure 7 shows the SEM images of the interfaces between the Sn-9Zn solder and ENIG substrate aged at various temperatures for 1000 h. Regardless of the aging temperature, only Au-Zn IMC was observed at the interface. Figure 7(e) shows the EDX analysis result of the IMC layer formed at the interface of Fig. 7(d) . As shown in Figs. 6 and 7, in spite of the severe aging conditions used in this case, only the Au-Zn IMC layer was observed. In addition, the Au-Zn IMC layer effectively inhibited the interfacial reaction between the SnZn solder and the Ni-P plating layer. Therefore, the Sn-9Zn/ ENIG joint is expected to have superior joint reliability. We did not evaluate the growth kinetics of the Au-Zn IMC layer during the HTS test because the thickness of the layer did not significantly change with the aging temperatures and times used in this study. Figure 8 shows the variation of the shear strength of the Sn-9Zn/ENIG joints with aging temperature and time. In the case of the as-reflowed sample, the value of the shear strength was approximately 10.4 N. The shear strength decreased during the initial aging period of 100 h, and then remained nearly unchanged during further prolonged aging. The average shear strengths of the solder joints aged at 423 K for 100 and 2400 h were about 9.7 and 9.6 N, respectively. Compared to the strength measured after reflow, the shear strength of the solder joints aged at 423 K for 2400 h was decreased by only 7%. Furthermore, the shear strength value of the sample aged at a higher aging temperature (423 K) is higher. Although the exact reason for this is not clear at this point, it is presumably due to experimental error. To verify the observed variations in the shear strength, the fracture surfaces after ball shear testing were examined using SEM. Figure 9 shows the cross-sectional and top views of the fracture surfaces of the Sn-9Zn/ENIG joints aged at different conditions. The direction of the shear action was from left to right in the cross-sectional views and from top to bottom in the top views. The shear direction is indicated by white arrows. Regardless of the aging conditions, the fractures always occurred in the bulk solder. A similar observation was reported recently in the literature. 10) Date et al. investigated the interfacial reactions and impact reliability of Sn-8Zn-3Bi solder balls (300 mm in diameter) on the Au/Ni-P/Cu layer during aging at 423 K. They reported that all of the Sn-ZnBi/Au/Ni-P/Cu joints exhibited bulk fracture at 423 K, independent of the aging time. The degradation of the shear strength shown in Fig. 8 is probably due to the softening of the solder caused by the aging treatment.
Recently, we also investigated the interfacial reactions and mechanical properties of the Sn-9Zn/Cu joints during isothermal aging, and the results are reported elsewhere. 25) The results are repeated here only to provide a direct comparison between the Sn-9Zn/Cu and Sn-9Zn/ENIG joints. Figure 10 shows the SEM images of the Sn-9Zn/Cu and Sn-9Zn/ENIG interfaces aged at 423 K for 1000 h. According to our previous study, in the case of the Cu substrate, a Cu 5 Zn 8 IMC layer formed at the interface after reflow. Also, it was found that the thickness of the Cu 5 Zn 8 layer formed at the interface significantly increased with increasing aging time. In addition to the IMC layer formed at the interface, Cu 5 Zn 8 IMC particles also formed within the solder matrix near the interface and the fraction of the IMC particles increased with increasing aging time. During aging, Interfacial Reaction and Mechanical Characterization of Eutectic Sn-Zn/ENIG Solder Joints during Reflow and Agingthe Zn phases adjacent to the joint interface migrated toward the interface, resulting in the growth of the Cu-Zn IMC layer and the extension of the Sn-rich phase above the interfacial IMC layer. The extension of the Sn-rich phase, that is the extension of the Zn-depletion layer, is indicated by the black dashed-lines in Fig. 10(a) . In addition, a new Cu 6 Sn 5 phase was observed at the interface between the interfacial Cu 5 Zn 8 IMC layer and the Cu substrate. The layer-type Cu 5 Zn 8 IMC layer was disrupted locally at the interface, causing it to act as a channel for Sn diffusion. As a result, the Cu 6 Sn 5 IMC formed underneath the Cu 5 Zn 8 IMC layer. Such an interfacial microstructural change weakened the interface significantly and, consequently, fracture occurred at the interface between the solder and IMC layer. In contrast to the interfacial reaction between the Sn-9Zn solder and Cu substrate, the ENIG plating layer in the Sn-9Zn/ENIG joint protected the interface from undesirable interfacial reactions (see Fig. 10(b) ). In other words, the interfacial reaction between the Sn-Zn solder and the Ni-P plating layer is suppressed by the formation of the layer-type Au-Zn IMC layer, which acts as a diffusion barrier, thereby promoting desirable interfacial reactions. Consequently, the results of the analyses of the interfacial reactions and mechanical tests performed in this study showed that the Sn-9Zn/ENIG joint has superior joint reliability.
Conclusion
In this study, the interfacial reactions and joint reliabilities between Sn-9Zn solder and an ENIG substrate were investigated during reflow and isothermal long-term aging at temperatures between 343 and 423 K for aging times of up to 2400 h. The following conclusions were drawn.
(1) During the reflow process, Au did not dissolve into the solder and an AuZn 3 IMC layer formed due to the fast reaction between Au and Zn. Up to the reflow time of 10 min, the thickness of the Au-Zn layer did not vary with reflow time. The shear strength also remained virtually unchanged, irrespective of the reflow time used in this study, and fractures always occurred in the solder matrix. (2) In the HTS test (343-423 K), only the Au-Zn IMC layer was observed, whereas Ni-containing IMCs such as NiZn and Ni-Sn were not found to form at the interface. Regardless of the aging temperature and time, a similar interfacial structure was observed. (3) In the ball shear tests conducted after aging treatment, the shear strength of the samples decreased during the initial 100 h of aging and then remained constant with prolonged aging. In addition, the shear strength was not significantly correlated to the aging temperature in the range of temperature used in this study. All fractures occurred in the bulk solder. (4) In contrast to the fast interfacial reaction between the Sn-9Zn solder and Cu substrate, the ENIG layer in the Sn-9Zn/ENIG joint effectively protected the interface. Consequently, the Sn-9Zn/ENIG solder joint was considered to have a superior joint reliability. 
